Gene structure and expression in diplonemid mitochondria are unparalleled. Genes are fragmented in pieces (modules) that are separately transcribed, followed by the joining of module transcripts to contiguous RNAs. Some instances of unique uridine insertion RNA editing at module boundaries were noted, but the extent and potential occurrence of other editing types remained unknown. Comparative analysis of deep transcriptome and genome data from Diplonema papillatum mitochondria reveals ∼220 post-transcriptional insertions of uridines, but no insertions of other nucleotides nor deletions. In addition, we detect in total 114 substitutions of cytosine by uridine and adenosine by inosine, amassed into unusually compact clusters. Inosines in transcripts were confirmed experimentally. This is the first report of adenosine-to-inosine editing of mRNAs and ribosomal RNAs in mitochondria. In mRNAs, editing causes mostly amino-acid additions and non-synonymous substitutions; in ribosomal RNAs, it permits formation of canonical secondary structures. Two extensively edited transcripts were compared across four diplonemids. The pattern of uridine-insertion editing is strictly conserved, whereas substitution editing has diverged dramatically, but still rendering diplonemid proteins more similar to other eukaryotic orthologs. We posit that RNA editing not only compensates but also sustains, or even accelerates, ultra-rapid evolution of genome structure and sequence in diplonemid mitochondria.
INTRODUCTION
DNA sequence alone does not always indicate what a genome encodes. One reason is RNA editing, the programmed alteration of a transcript, with the result that the RNA sequence differs from that of its genomic template. All kinds of transcripts can be affected by editing: mRNAs, intron RNAs, structural RNAs and regulatory RNAs. RNA editing plays an important role across the Tree of Life, and unsurprisingly, alterations in RNA editing can lead to human disease (1) . In the following, we will use the term 'RNA editing' for processes that change the sequence of a transcript, not including chemical modifications such as pseudouridylation, 2'-O methylation, etc. (2) .
RNA editing is a post-transcriptional process that changes the sequence of the precursor transcript. RNA editing can act either on full-length transcripts or on nascent RNAs prior to 3 end formation. This latter case has been referred to as 'cotranscriptional RNA editing' (3), although nucleotides are changed post-transcriptionally. Traditionally, cotranscriptional RNA editing describes a scenario discovered in myxomycete (slime mold) mitochondria where changes are intimately linked to RNA synthesis, and pre-edited (nascent) transcripts seem not to exist (4, 5) . Therefore, in a strict sense, the term 'RNA editing' does not apply to myxomycetes, because not the RNA sequence is changed but rather the DNA template is 'incorrectly' transcribed. In fact, the term RNA editing is often employed to generically describe differences in gene versus transcript sequences, although in many cases the origin of these changes remain unknown as in dinoflagellates (6, 7) .
Post-transcriptional RNA editing is classified in three distinct types. The first type results in insertions or deletions (indels), by addition of new, or removal of existing, nucleotides in transcripts. The second type involves nucleotide substitutions, which are generated in situ by either deamination or (trans) amination, most commonly pyrimidine exchange (i.e. cytidine (C) to uridine (U; C-to-U) and Uto-C) and adenosine-to-inosine (A-to-I) deamination. Reverse transcriptases read Is in RNA as Gs, and similarly, the translation machinery is thought to interpret Is in mRNA as Gs (8) . In structural RNAs, A-to-I replacement has consequences as well. It influences RNA folding stability, and tRNAs extend codon recognition when the altered nucleotide is part of the anticodon. Note that for tRNAs, A-to-I deamination has been traditionally classified as nu-cleotide modification, but is now widely considered as RNA editing (9) . The third type of RNA editing causes nucleotide substitution as well, but acts exclusively on the 5 and 3 ends of the acceptor stem of mitochondrial tRNAs. In this case, mis-paired nucleotides are removed from one side of the helix and replaced by ones matching the complementary portion of the helix (reviewed in 10). New types of posttranscriptional indel and substitution RNA editing are the topic of this work.
RNA editing has been discovered first in mitochondria (11) . It is quite common and highly diverse in this organelle. Post-transcriptional substitution of Cs by Us is most frequent, with land plant mitochondria featuring up to 2000 distinct events of this kind (12, 13) . Mitochondrial C-to-U editing is sporadically observed in other taxa, such as heteroloboseans (14, 15) and metazoans (16, 17) . Also, certain plastids perform C-to-U RNA editing (7) . Elsewhere, only a few such instances have been reported: notably one in an archaean tRNA (18) and a few dozen in metazoan nuclear mRNAs, nearly all within 3 untranslated regions (19) . The prototype of mammalian C-to-U editing acts on apolipoprotein B (apoB) mRNA, and remains the only case of this type that impacts a coding region (20) . The inverse reaction, U-to-C substitution, occurs much more rarely than C-to-U, with the majority of sites in plant mitochondria (21) . Unheard of is A-to-I editing of organellar mRNAs or rRNAs, whereas this kind of substitution is pervasive in the metazoan nucleus (22, see also 23) .
Mitochondria also perform post-transcriptional insertion and deletion RNA editing, which is extremely rare in other systems. The flagship organisms are kinetoplastids (Euglenozoa), where solely Us are inserted in, or deleted from, mitochondrial pre-mRNAs, up to nearly 600 in a single gene. Kinetoplastid indel editing involves site-specific cleavage of pre-mRNAs, U-insertion or deletion and religation. All steps are directed by small guide RNAs (24) .
The sister clade of kinetoplastids is a group of oceanthriving unicellular flagellates, the diplonemids. With only two genera recognized, Diplonema and Rhynchopus, diplonemids are seemingly an insignificant protist taxon. However, recent environmental explorations revealed that these organisms are among the most abundant and genetically most diverse eukaryotes in the oceans (25) (26) (27) . Diplonemids are notorious for their eccentric genome architecture and gene structure in mitochondria (28) . Specifically, mitochondrial genes of the type species Diplonema papillatum are systematically split in up to 11 pieces (modules) that are ∼40-550 nt long. Each such piece is encoded on one of the ∼80 distinct circular chromosomes of 6 kbp (class A) or 7 kbp (class B) length.
Chromosomes have a surprisingly regular structure (Supplementary Figure S1A ; (29) ). Coding regions are flanked by on average 50-nt unique sequence and together, they make up a distinctive cassette that is unique to a given chromosome. The rest of the circle (∼90%) mostly consists of repeats. Specifically, adjacent to each cassette are two 'classspecific constant regions' of 1-3 kbp whose sequence is conserved across all chromosomes of a given class. In addition, opposite to the cassette resides a ∼2.5-kbp 'shared constant region', which is common to A-and B-class chromosomes (29) .
Gene modules in Diplonema mitochondria are transcribed separately as RNA precursors, then end-processed, and subsequently joined into contiguous RNAs (30) . The molecular mechanism of this unique trans-splicing process is yet to be unraveled. Collectively, modules specify a relatively 'standard' set of 12 recognized genes, including two ribosomal RNAs (mt-rRNAs) as well as protein components of the respiratory chain, oxidative phosphorylation and the mito-ribosome (Table 1 , column 1); as in kinetoplastids, tRNAs appear to be imported from the cytosol.
In diplonemids, we previously noted a mode of mitochondrial RNA editing that somewhat resembles U-insertion editing in kinetoplastid mitochondria, as it involves the addition of multiple Us at 3 ends of modules (therefore termed 'U-appendage' editing). For example, the module 4-transcript of the gene encoding cytochrome c oxidase subunit I (cox1) is extended by six Us that are retained in the trans-spliced mRNA, consisting of a total of nine modules (28, 31) . An even more spectacular U-appendage occurs during maturation of the mitochondrial large-subunit ribosomal RNA (mt-LSU rRNA). The corresponding gene (rnl) is split into two modules. At the 3 end of the rnl module 1-transcript, ∼26 Us are added prior to trans-splicing. We showed that the U-tract-containing mt-LSU rRNA is indeed incorporated into the mito-ribosome of D. papillatum (32) .
Here we examine comprehensively RNA editing in D. papillatum based on deep transcriptome sequencing data, uncovering a second type of post-transcriptional RNA editing in diplonemid mitochondria: nucleotide substitution. Remarkably, replacements include A-to-I substitutions in mRNAs and rRNAs, which has never been seen in organelles before. These nucleotide changes will be investigated experimentally. A second focus of this study is on the conservation and diversification of RNA editing pattern during the evolution of diplonemids, and possible evolutionary relationships between RNA editing in diplonemid mitochondria and those in other systems.
MATERIALS AND METHODS
Detailed descriptions of applied methods are available in Supplementary Materials and Methods.
Strains, culture, and DNA and RNA extraction Diplonema papillatum (ATCC 50162), Diplonema ambulator (ATCC 50223), Diplonema sp. 2 (ATCC 50224) and Rhynchopus euleeides (ATCC 50226) were obtained from the American Type Culture Collection. Organisms were cultivated axenically as described earlier (31, 32) . To isolate mtDNA, mitochondria were enriched by differential and sucrose gradient centrifugation. Mitoribosomes were separated from whole cell lysates by kinetic glycerol-gradient ultracentrifugations (32) . After extraction of RNA (33) , residual DNA was removed by column purification or digestion with RNase-free DNase followed by phenol-chloroform extraction. Poly(A) RNA was enriched by a passage through oligo(dT)-cellulose. (30) . e FPKM average over three transcript variants, differing in their 3 -terminal region; see Figure 1 .
In vitro transcription and RNase cleavage of glyoxalated RNA
The DNA templates for in vitro transcription of synthetic pre-edited or edited mt-SSU rRNA were generated either by PCR on mtDNA or by RT-PCR on purified mt-SSU rRNA. To detect inosines in RNA, we followed a protocol devised by others (34) ing from the mitochondrial genome were identified by sequence identity with previously determined mitochondrial chromosomes and modules (GenBank acc. nos. EU123536-8 and HQ28819-33) using BLAST at a hit-reporting threshold of 99% and then clustered with CD-HIT version 4.6 (37) employing the option -c 0.9.
RNA-Seq library construction, sequencing and read processing
We depleted D. papillatum RNA from cytosolic rRNAs and mt-LSU rRNA (32) using biotinylated oligonucleotides complementary to these rRNA species. Libraries were prepared from total cellular RNA enriched for poly(A) RNA (PA, DPA2), mitochondrial RNA (F1 from a fragmented, F2 from an un-fragmented sample) and a mito-ribosomeenriched RNA fraction (GG). Libraries from the three other diplonemids were made from total RNA depleted from cytosolic rRNAs. For details on libraries, see Supplementary Table S2 .
Mapping of Illumina reads to reference sequences and calculation of FPKM
Illumina reads were mapped to reference sequences with Bowtie 2 (38). If not specified otherwise, we employed the options -local -no-unal (removing unaligned reads), and default values for the alignment and scoring parameters. Output files in sam format were subsequently transformed into '.bam' files with SAMtools v1.4 (http: //samtools.sourceforge.net/). Alignments were visualized with the Integrative Genomes Viewer (IGV; https://www. broadinstitute.org/igv/) (39) . FPKM (Fragments Per Kilobase of transcript per Million of mapped reads) values were obtained after mapping RNA-Seq reads of the library DPA2 against the mito-transcriptome reference using TopHat v2.0.14 (https://ccb.jhu.edu/software/tophat/index. shtml) (40) or STAR version 2.4.2a (https://github.com/ alexdobin/STAR) (41) with default parameters, followed by assembling mapped reads into contigs with Cufflinks (https: //github.com/cole-trapnell-lab/cufflinks).
Mitochondrial reference genome sequence
From a Celera assembly of mitochondrial-genomic MiSeq Illumina reads (see above), we extracted contigs holding cassettes, i.e. those containing the distinctive left-hand and right-hand class-specific constant regions of chromosomes, but not the shared constant region (see Supplementary Figure S1A ). The contig sequences were validated and polymorphisms determined simultaneously by mapping back the MiSeq reads to the contigs with Bowtie 2.
Transcript de novo assembly and function annotation
RNA-Seq reads from the PA and DPA2 libraries (Supplementary Table S2 ) were assembled using SOAPdenovoTrans (42) using various kmers, and the resulting contigs were assembled again using SOAPdenovo (43) with a kmer size 127. We also used Trinity with default parameters (http://trinityrnaseq.github.io/, 44). Mitochondrial rRNA sequences were assembled from reads of library GG. Function assignment of newly detected mitochondrial transcripts was attempted with various approaches (see Supplementary Methods), but failed.
Mitochondrial transcriptome reconstruction and assignment of orphan modules
Transcripts were also reconstructed via a split-read approach developed in-house. First, RNA-Seq reads of the poly(A) library were mapped to the genome reference with Bowtie 2 (paired-end and local mode). The custom python script, findTransSplicedRNA.py, then identified read pairs whose two partners do not map to same genomic module and analyzed their sequence portions that were soft-clipped during mapping in local mode. If the soft-clipped sequence overlaps with another genomic module, then the two modules must belong to the same gene and be adjacent in the trans-spliced transcript.
In silico identification of polymorphic genomic sites
Variant sites in mtDNA were determined with the UnifiedGenotyper module of the Genome Analysis Toolkit 
In silico identification of RNA editing sites
We mapped RNA-Seq reads from all libraries against the genome reference, the pre-edited (virtual) and the fully edited transcriptome, using Bowtie 2 (see above) in strandspecific mode. The returned bam files were merged by the custom script mergeSAM.py. To identify DNA-RNA differences (DRds), the merged bam file was used as input for the GATK UnifiedGenotyper (45) 
Analysis of RNA processing intermediates and partially edited transcripts
Using the in-house script editpop.py (see Supplementary Methods), we analyzed the correlation between the status of RNA editing sites, and between RNA editing, module processing and trans-splicing in read pairs. U-appendage sites were analyzed by searching motifs in individual reads using GNU grep. For short internal U-insertions (1-2 nt) we requested a full match of ≥6 adjacent nucleotides in the two neighbor modules. For terminal Us, the search requested eight adjacent nucleotides in the module's 3 end followed by ≥2 Us. To detect partially edited substitution sites, RNASeq reads from library DPA2 were mapped with Bowtie 2 against the pre-edited (virtual) and edited transcriptome sequences, the resulting sam alignment files were merged as described above and then parsed with the in-house script editedSitesStat.py (see Supplementary Methods) to extract the particular nucleotides present at RNA editing sites. Site positions were obtained from the vcf file Dp mito SNP-RNA 20160212.vcf (Supplementary File 1).
Search for cis elements and RNA trans-factors that guide RNA editing
We searched for recurrent cis-motifs near individual RNA editing sites using the in-house script editbysite.py (see Supplementary Methods). Sequence motifs in cis that flank clusters of substitution editing were searched using MEME and GLAM2 (MEME web server (47) Table S2 ) employing the GNU grep utility supplied with query motifs that are reverse-complements of the edited sequence and adjacent regions. Finally, for detection of antisense reads with mismatches, reads of the F2 library were mapped against the sequences of pre-edited (virtual) and full-length mature transcripts, using Bowtie2 with the options -local -nofw and default mismatch settings. Resulting bam files were inspected visually.
Analysis of Nad4 protein sequences
Using MUSCLE with default parameters (40), we built a multiple alignment of Nad4 protein sequences deduced from edited and pre-edited nad4 genes from four diplonemids and 15 moderately divergent homologs from other taxa (see Supplementary Methods). From this alignment, we extracted a sub-alignment including columns 1-130, which corresponds to the N-terminal region up to the last 'edited' amino acid in diplonemids. Based on this alignment, protein conservation was determined with MstatsX (https://github.com/gcollet/MststX) which uses the trident statistics (41) . To determine potential trans-membrane helices, the protein sequences of 'pre-edited' and 'edited' diplonemid Nad4 variants were scanned with TMHMM2.0 (53) (http://www.cbs.dtu.dk/services/TMHMM/), Phobius (54) and TMpred from the ExPASy web suite (55) .
RESULTS

Assignment of modules to genes
As a first step, we compiled all cassette sequences of D. papillatum, i.e. the unique portions of mitochondrial chromosomes (Supplementary Figure S1A ). Cassettes were extracted from a whole genome assembly, built with Illumina reads. These consensus sequences, 23 kbp in total, include 81 different cassettes of 166-638 nt length. In an earlier assembly (29), the cassette/module count was 75. We then determined genomic variants by mapping reads to the consensus sequences and analyzing the alignment maps by variant calling software tools. We detected nearly 100 genomic variants (with ≥10% allele frequency) spread across 37 cassettes. Variants represent 80% transitions and 20% transversions, and are mostly biallelic and linked, suggesting two versions for each chromosome (Supplementary Table S3 ). Finally, the consensus sequences were corrected so that they represent the majority of reads, for use as mitochondrial reference genome in the following analyses.
Mapping of RNA-Seq reads against the Diplonema mitogenome reference confirms that all predicted modules are transcribed (including allelic variants). The majority of modules are pieces of 11 previously reported, assigned mitochondrial genes. For nearly 20 modules (designated orphans), the genes they belong to were unknown at the outset of this study (e.g. modules X1 to X3 (30); Table 1 ).
To pinpoint the mature transcripts to which orphan gene modules belong, we assembled transcripts from RNA-Seq reads, yielding a 15-kb mitochondrial transcriptome. Orphan modules were assigned to transcripts based on sequence identity, revealing seven new genes: X3 consists of a single module, whereas the others (denoted y1, y2, etc.) are composed of two to five modules. All mitochondrial genes and their modules detected to this point are listed in Table  1 and depicted in Supplementary Figure S2 .
Identification of the tentative gene for mt-SSU rRNA
Functional annotation of newly discovered transcripts was attempted initially by BLAST similarity searches in GenBank's non-redundant database, followed by searches with profile Hidden Markov Models and Covariance Models representing all known mitochondrial protein-coding genes and mitochondrial rRNAs, respectively (see 'Materials and Methods' section). However, no significant hit was obtained.
Gene X3 stands out because its transcript is highly abundant, with a steady-state level comparable to Diplonema's mt-LSU rRNA. In addition, the transcript is highly enriched in the library made from a mito-ribosome-enriched fraction (Supplementary Table S2 ), suggesting that X3 represents the elusive mitochondrial small subunit (mt-SSU) rRNA. Indeed, highly divergent structural domains (5 -and 3 -minor domains) of the SSU-RNA are recognizable (Supplementary Figure S1B ), although the remainder of the secondary (2D) structure could not be modeled, and this is due to several reasons. One is that sequence similarity is very low between X3 from Diplonema and mt-SSU rRNAs from other organisms for which secondary structure models are available. Further, thermodynamics-based modeling is inconclusive, because high G + C content of the sequence generates numerous equally probable alternatives. The same issues, but to a lesser degree, were encountered when modeling mt-LSU-rRNA from D. papillatum (32) .
The tentative (366 nt) mt-SSU rRNA of Diplonema is among the shortest ever reported, slightly shorter than the highly derived mitochondrial rns in certain animals (56) . Yet, as of now, it cannot be ruled out that X3 represents only one of several molecules of a mitochondrial rRNA in pieces, as seen in Euglena gracilis (57) , apicomplexans (58) and dinoflagellates (6), for example.
The y genes still remain unidentified. For y1 to y4, we have mass-spectrometry data demonstrating that these genes code for proteins (data not shown). Unravelling the biological role of y-genes will require detailed biochemical studies.
Uncovering RNA editing events in mitochondrial transcripts
RNA editing sites manifest as differences between gene and transcript sequence. DNA-RNA-differences will be referred to in the following as DRds. Since mitochondrial genes in Diplonema are fragmented, we used as a reference sequence the joined gene pieces (equivalent to preedited full-length transcript sequences), against which we mapped RNA-Seq reads from the various libraries (Supplementary Table S2 ). Based on the genome/transcriptome alignment maps, we determined DRds using variant calling tools, and all these sites were visually inspected and validated. Note that 'pre-edited' refers to sites not yet edited, while 'unedited' characterizes sites that are never edited.
Two positions returned as editing sites coincide with genomic variants determined earlier. One is located in y2-module number 3 (y2-m3) (position 131 in the corresponding cassettes). It is an A/G dimorphism with a ratio of 4:6 in DNA versus 1:9 in RNA. The second site falls in rns with a C/T dimorphism of 2:8 in DNA (see Supplementary Table  S3 ), but only U in RNA. In both cases, it cannot be distinguished whether the dimorphic sites in RNA arise from transcription of the two genomic variants or rather by transcription of the A-and C-alleles with subsequent partial RNA editing to G and T (U), respectively. Table 1 summarizes the number and types of RNA editing sites that are frequently edited (>50%) and do not coincide with genomic variants. Positions and frequencies of sites displaying at least 5% editing are listed in Supplementary File 1.
Catalog of nucleotide insertions and substitutions in the D. papillatum mito-transcriptome
Inspection of the global landscape of RNA editing in D. papillatum mitochondria (Table 1) reveals two important features. First, post-transcriptional insertions involve only Us and no other nucleotide. Not a single event of deletion-RNA editing was detected in the 15-kb transcriptome examined. Inserted U-tracts are between 1 and ∼30 nt long and coincide with module junctions or transcript ends. Earlier we demonstrated experimentally for cox1 and mt-LSU rRNA that Us inserted at module junctions in the mature transcript are actually appended at the 3 end of the upstream module prior trans-splicing (30, 32) . Our comprehensive mito-transcriptome data corroborate the 3 appendage mechanism, since no cases of U-extensions at 5 -ends of full-length transcript were observed. Finally, 3 Uadditions are independent of the module position (5 , internal or ultimate) within the mature transcript.
The second important feature is that Diplonema mitochondria perform substitution RNA editing (Table 1) , which had remained unnoticed until now. We observe more than 110 C-to-U and A-to-I substitutions. Except for one solitary substitution in nad7, sites are congregated in six clusters of 3-85 nt length, which are located in nad4, the tentative rns, and four y genes (y1, 2, 3, 5; Figure 1A ). Most densely packed are the substitution editing clusters in nad4 and the tentative rns with sites often placed immediately adjacent to one another. The cluster in nad4 is 56 nt long and positioned in module 1, close to the 5 terminus. In this transcript, a total of 29 sites undergo substitutions, notably all Cs and one half of As. The 85-nt long cluster in the tentative rns is also situated near the transcript's 5 end and includes 45 sites; all Cs and As in this cluster are edited ( Figure 1B) .
Searches for potential cis-elements and trans-factors that guide RNA editing
We scrutinized the sequence context of mitochondrial RNA editing sites in Diplonema by searching for shared sequence cleavage at unprotected inosines (Is) in the editing cluster of nad4-m1. Forward primers bind downstream (dp259), within (dp240), or upstream (dp268) of the editing cluster; the reverse primer (dp243) anneals in the downstream module. (C) Oligonucleotides designed for detection of mt-SSU rRNA; dp250 was used for the primer extension assay (see panel E), and dp235 served as a probe in northern blot hybridization (see panel F). (D) RT-PCR products after digesting glyoxalated nad4-m1 with increasing RNase T1 concentrations (0, 100, 1000 U). Yield of those RT-PCR products that overlap the edited cluster is reduced progressively, but not of those that do not overlap the cluster. w/o RT, control amplification in the absence of reverse transcriptase (RT). (E) Primer extension of mt-SSU rRNA to map RNase T1 cleavage sites at Is. As templates served the following glyoxal/borate-treated samples: in vitro transcribed substitution-edited mt-SSU rRNA (edited (synthetic)); total RNA (edited (native)); and in vitro transcribed pre-edited mt-SSU rRNA (pre-edited (synthetic)). A, sequencing lane where ddTTP was used as a chain terminator. G/I, G: ddCTP was used as dideoxy terminator. −, untreated templates. +, ++: digestion with 10 U and 50 U RNase T1, respectively, amounts which allow detection of cleavage intermediates. In the lanes labeled + and ++, bands represent reverse transcriptase-stops one nucleotide prior to I. The sequence schema at the bottom illustrates the positions of glyoxalation, predicted Is, as well as reverse-transcription stops. (For details on assay optimization and explanation of apparent size shifts, see the Supplementary Figure S4) . (F) Northern blot hybridization motifs and 2D structure element (cis-motifs) in close vicinity of the locations where RNA editing occurs. These analyses were performed separately for sites of U-addition, Ato-I substitution, and C-to-U substitution, and for substitution clusters. However, we did not detect motifs specifically associated with either type of RNA editing site (Supplementary Figure S3A-C) . The absence of discernable recurrent sequence patterns around RNA editing sites suggests that these sites are defined by specific trans factors.
We searched for potential trans-acting RNAs that guide RNA editing, postulating a population of site-specific factors with the propensity to pair with RNA editing sites. But again, convincing candidates were not detected (Supplementary Figure S3D ). For both cis-elements and transfactors, our search strategies, results and interpretations are detailed in 'Supplementary Results and Discussion'.
Biochemically, A-to-I substitution RNA editing proceeds by deamination
C-to-U and A-to-G differences between genomic and cDNA sequences usually originate from in situ base deamination in transcripts, but nucleotide excision and replacement is conceivable as well. In the case of deamination, a substituted G in cDNA corresponds to an inosine (I) in RNA. Therefore, we determined the presence of Is in the transcripts of two function-assigned genes that undergo substitution RNA editing in Diplonema, nad4 and the tentative rns. We treated RNA from Diplonema with glyoxal, which forms a stable adduct with G, but not I, in the presence of borate (35) . RNase T1 then cleaves RNA after (unmodified) Is, while glyoxalated Gs are protected ( Figure  2A-C) .
For treated nad4 transcripts, RNase cleavage manifests as a >10-times reduction of RT-PCR amplification across the edited region compared to amplification of the adjacent unedited region ( Figure 2D ). In the tentative mt-rns, Is were mapped by differential RNase digestion followed by primer extension (for assay optimization, see Supplementary Figure S4 ). This experiment demonstrates that at least five out of 15 Gs in cDNA are indeed Is in RNA ( Figure 2E ). We also mapped the editing cluster with northern hybridization (Supplementary Figure S4B) . After extended digestion with RNase T1, the band corresponding to the full-length transcript disappears, showing that the steady-state level of preedited tentative rns is extremely low ( Figure 2F ).
Given that A-to-I substitutions in Diplonema mitochondria occur by deamination, we presume that the same applies to C-to-U RNA editing, since deamination is the only molecular mechanism of C-to-U substitutions encountered in systems that are biochemically characterized (18, 59) . Figure S6) . Top-most nucleotide sequence, genomic sequence. Nucleotide sequence below, cDNA sequence showing the edited state of all sites observed to be edited above threshold. Lowercase letters, sites edited below 50%. +, x: predominant A-to-G and C-to-T substitution sites, edited above 50%. Chart below sequences: editing patterns observed in RNA-Seq reads. RNA and DNA sequence are identical except for red and blue squares, which indicate pre-edited As and Cs, respectively. The patterns shown are supported by at least 10 reads. The right-hand histogram represents the number of reads per editing pattern. It is the predominant form of nad4-mRNA, ranking first, that is shown in all other figures. #, the entirely pre-edited version, ranking fifth (∼6% of all reads). *, the maximally edited transcript (i.e. where all, high-and low-frequency sites are in the edited state), ranking 12th (∼1% of all reads).
RNA editing precedes trans-splicing and progresses stochastically within editing clusters
In kinetoplastid mitochondria, pre-mRNAs are transcribed full-length and subsequently edited progressively from 3 to 5 (24) . With deep transcriptome data at hand, we examined whether the same temporal order and directionality applies to RNA editing in Diplonema mitochondria. Specifically, we examined read pairs that both span a region encompassing editing sites in a given module, as well as extend beyond the edited module. For both types, U-appendage and substitution RNA editing, we encountered two predominant transcripts forms: edited + trans-spliced and pre-edited + unprocessed, while edited + unprocessed and pre-edited + trans-spliced intermediates are extremely rare (Supplementary Table S4 ). An independent experiment inquiring nad4-m1 intermediates by RT-PCR confirmed this result: a preedited trans-spliced module was not detected among polyadenylated transcripts (result not shown). Thus, in contrast to kinetoplastids, RNA editing in mitochondria of Diplonema takes place prior to the occurrence of a fulllength transcript, and essentially in parallel with moduleend processing. Further, analysis of nad4 transcript intermediates shows that edited and pre-edited substitution sites are interspersed, indicating a stochastic order in the deamination of individual sites (Figure 3) . Therefore, again unlike RNA editing in kinetoplastids, there appears to be no directionality of editing progression in Diplonema.
Exceptionally high overall RNA editing rate, but several incompletely edited sites
In mitochondria of plants, about 15% of substitution sites (C-to-U) are partially edited (at 90% or less; 12,60-61). Our analyses show that the situation is quite different in Diplonema. Sites with partial editing are rare. For example, in 95% of RNA-Seq reads covering the nad4-m1 substitution-editing cluster, the totality of sites is either edited or pre-edited (Figure 3, Supplementary Figure S5) . Among partially edited sites, there are three with nearly equal proportion of both editing states. Positions 148 (Ato-I) and 185 (C-to-U) are silent sites, while nucleotide 143 (A-to-I) occupies the first position in a codon and causes a non-synonymous amino acid substitution. An RT-PCR experiment confirms that both A-143 and I-143 exist in polyadenylated nad4 transcripts (Supplementary Figure  S6) . It is conceivable that both versions of nad4 mRNAs are translated, because the two alternative codons AUU and IUU specify functionally similar amino acids, Ile and Val, respectively. This finding contrasts with plant organelles, where nearly all partially edited substitution coincide with silent codon positions or fall in pseudogenes (for exceptions see e.g. (62)). It appears that incompletely edited transcripts in plant mitochondria are either not translated or, if translated, the resulting proteins are instable and readily degraded ((63); reviewed in (64)). 
Crucial consequences of RNA editing for the tentative mt-SSU rRNA and nad4 protein
We examined the effect of RNA editing on the gene products of two Diplonema mitochondrial genes, tentative rns and nad4. In the tentative mt-SSU rRNA, the substitution editing cluster coincides with the 5 domain of the 2D structure model. The seven 3 -terminal editing sites in the cluster contribute to helix h18 (Supplementary Figure S1 ) that contains the so-called '530-loop', which is involved in A-site tRNA selection (65) . This region is one of the evolutionary most conserved portions in SSU rRNAs (66) . U-appendage RNA editing of rns involves addition of eight non-encoded Us at the transcript's 3 end, and it is this U-tailed RNA that is incorporated in mito-ribosomes. Oligo-(U) tails on mt-rRNAs are also known from kinetoplastids, but the biological role of this ornament remains unclear (67 and references therein).
In nad4, ∼80% of post-transcriptionally substituted nucleotides correspond to first and second codon positions resulting in 14 non-synonymous out of 15 codon changes ( Figure 4A and B) . Within the editing cluster, in the stretch corresponding to amino acids 48-64 in the D. papillatum protein (referred to as Nad4), RNA editing renders the protein sequence more hydrophobic ( Figure 4C and D) . This outcome of deamination RNA editing has been reported repeatedly before (e.g. 61,68) but has not been recognized as an inherent consequence of nucleotide deamination. It is not the particular editing pattern, but rather the mere increase of deaminated bases (i.e. Us and Gs) in codons that leads to amino acids with a higher hydrophobicity index.
The effect of RNA editing on Nad4's secondary structure is even more pronounced. Protein structure prediction indicates that only the 'edited' Nad4 has the potential to form the canonical trans-membrane helix in the N-terminal region (Supplementary Figure S7A) . Finally, U-appendage RNA editing of nad4 results in the addition of two Us between the modules 4 and 5 of the trans-spliced transcript. This post-transcriptional event rectifies the reading frame and prevents premature chain termination in translation ( Figure 4E and F) .
Thus, for both tentative mt-SSU rRNA and Nad4 of D. papillatum, RNA-editing appears to be crucial for mitochondrial function and survival of the cell.
Comparison of RNA editing in nad4 across diplonemids
To investigate the conservation of RNA editing across diplonemids, we used nad4 as a test case. Figure 4 shows the multiple alignments of pre-edited and edited nad4 sequences and derived proteins from four diplonemids, D. papillatum, D. ambulator, D. sp. 2 and R. euleeides (69) . In all taxa a cluster of substitution editing sites occurs in nad4-m1, but there are several variations to the theme. The cluster is located at different positions and it is longer in D. papillatum (55 nt) compared to that of the other diplonemids (44-53 nt) . Furthermore, while every C in these clusters is edited, the proportion of A-to-I sites ranges from 7/11 in D. papillatum to 0/8 in D. ambulator and D. sp. 2; not a single substitution editing site is conserved throughout these species (Figure 4A and B) . Together, non-synonymous changes of codons amount to more than 90% in D. papillatum, but to ∼50% in the other diplonemids. Remarkably, this inter-taxon diversity of substitution RNA editing results in a three times higher sequence identity between the diplonemid transcripts compared to the genes ( Figure 4C  and D) .
In contrast to the inter-species variations in substitution sites, U-appendage RNA editing of the nad4 transcript is strictly conserved throughout the four species, with exactly two Us added post-transcriptionally between modules 4 and 5 ( Figure 4E ). In sum, RNA editing renders the Nad4 proteins of the examined diplonemids more similar to each other, as well as more similar to orthologs from other eukaryotes (Supplementary Table S5 ; Supplementary Figure  S8 ).
DISCUSSION
RNA editing types and sites in D. papillatum mitochondria
Comprehensive comparative analysis of the mitochondrial genome and transcriptome from Diplonema uncovered two types of post-transcriptional RNA editing: (i) insertions of Us and (ii) substitutions of Cs by Us and As by Is. Together, nucleotide insertions and substitutions in Diplonema affect ∼80% of all mitochondrial transcripts and account for ∼130 RNA editing sites and ∼350 nucleotides are generated or altered by editing (Table 1) .
Mitochondrial U-insertion RNA editing is extremely rare with only two other, distinct instances outside diplonemids, notably in kinetoplastids (70) (also featuring U deletions) and certain sponges (71) . Substitutions of C-to-U occur more broadly in mitochondria, as well as in plastids. However, the here reported A-to-I RNA editing (of non-tRNA transcripts) is a first in organelles and the interspersed cooccurrence of A-to-I and C-to-U substitutions is unparalleled across all systems.
The distribution of RNA editing sites in Diplonema mitochondrial transcripts is conspicuously uneven. U-insertions occur either at module junctions or at the 3 end of transcripts, immediately upstream of the poly (A) tail. This is due to the particular mechanism of U-based RNA editing in this protist and consists in 3 -terminal nucleotide addition prior to trans-splicing or polyadenylation. A-to-I and C-to-U substitutions, on the other hand, are remarkably clustered with up to 45 sites per cluster and up to six sites directly adjacent to one another ( Figure 1B) . For comparison, in land plant organelles, congregated substitution sites (C-to-U and U-to-C) are rather exceptional (63) . In metazoan nuclear transcripts, clustering is a hallmark feature of substitution editing sites (22) , although intervals between sites are much larger compared to Diplonema mitochondria. Nowhere else are substitution editing sites as tightly packed as in the system investigated here.
Ribosomal RNAs are rarely ever edited, but in Diplonema mitochondria these transcripts undergo massive U-appendage and both C-to-U and A-to-I substitutions. In fact, rRNAs including Is have never been observed before (72) ; only one instance of an inosine derivative, O2 -methylinosine is known to occur in cytosolic rRNA of Crithidia (73) . Since I has a greater repertoire of potential base pairs than either of the classical nucleotides (it pairs with A, C and U) (74) , Is in rRNA probably destabilize the secondary structure of the molecule due to the larger number of alternative pairing possibilities. We speculate that the effect of 15 Is in Diplonema mt-SSU rRNA is compensated by proteins in the mito-ribosome.
How does the cellular machinery recognize RNA editing sites in Diplonema mitochondria?
In certain organisms, targets of RNA editing are recognized by a common sequence or structure element in cis. For example, Apobec-1-dependent C-to-U RNA conversion sites in the mammalian nucleus are characterized by a particular primary sequence context, such as an A + U-rich region along with a downstream 11-nt long motif ('mooring' sequence) (59, 75) . Similarly, ADAR-dependent A-to-I editing substrates in the metazoan nucleus and in viruses share a particular RNA secondary/tertiary structure (22, 76) .
In contrast, our analyses of the sequence context around RNA editing sites in Diplonema mitochondria did not identify common primary or secondary structure motifs in cis. Therefore, the yet elusive RNA editing machinery is probably directed by an array of distinct site-specific recognition factors acting in trans.
Our search for site-recognition factors resembling guide RNAs in trypanosome mitochondria (77) was inconclusive, suggesting that proteins might assume this task such as the pentatricopeptide repeat (PPR) trans-factors known from plant mitochondria (21) . However, irrespective of the biochemical nature of the postulated recognition factors, there is a dilemma with respect to the crammed substitution RNA editing sites in clusters. How may trans-factors recognize an RNA editing site when its neighboring nucleotides are variable, since they too are subject to RNA editing? In our view, uncovering the nature of the postulated editing guides in Diplonema will require an unbiased experimental approach, notably isolation and dissection of mitochondrial complexes having in vitro RNA editing activity.
The biological role of organellar RNA editing
Editing of pre-mRNAs in organelles, including mitochondria of diplonemids, is function-critical since the large majority of events generates start codons, abolishes in-frame stop codons or changes codons to specify conserved amino acid positions (7) . Indel editing of mitochondrial mRNAs is particularly essential, since it corrects frameshifts as observed in mitochondria of diplonemids and trypanosomes. Similarly function-critical is editing of tRNAs, not only for proper folding of the molecule, but often for end-processing of their precursor transcripts as well (9) .
The situation is different for nuclear metazoan mRNAs where editing is typically partial. Both edited and 'pre'-edited transcripts are translated, and the corresponding proteins play different biological roles. For example, multiple combinatorial codon changes of an mRNA may lead to a large spectrum of protein isoforms that are all encoded by a single, genomic locus. Nuclear RNA editing also acts on intronic regions or UTRs, controlling alternative splicing, efficiency of translation, transcript stability and localization (78) . To summarize, RNA editing compensates disadvantageous mutations in organelles, while it is a means for diversification and regulation in the nucleus.
Nucleic Acids Research, 2016, Vol. 44, No. 10 4917 Emergence and diversification of the two RNA editing types in diplonemid mitochondria
The question arises why sites of post-transcriptional Uappendage are strictly conserved, whereas sites of C-to-U and A-to-I substitutions are highly variable. We postulate the following evolutionary scenario. Both RNA editing types probably have been present already in the common ancestor of diplonemids. U-additions are likely compensating detrimental consequences of mtDNA fragmentation that has led to a multi-partite mitochondrial genome. Specifically, post-transcriptional U-appendage may fill in critical nucleotides that were lost from the ancestral genome during double-strand repair at mtDNA breakpoints. Conservation of a fragmented mtDNA throughout the descendants would therefore entail faithful conservation of Uappendage RNA editing. On the other hand, substitution RNA editing likely compensates rapid sequence evolution of diplonemid mtDNAs, explaining why nucleotide substitution pattern are species-specific. In both cases we favor the model of constructive neutral evolution (for more discussion, see Supplementary Data), which posits that prior to genome fragmentation and acceleration of sequence evolution, basic tools to add or change ribonucleotides were already in place, and needed only fine-tuning by evolutionary tinkering (79, 80) .
Outlook
We show that diplonemids employ unique posttranscriptional RNA editing in mitochondria involving two distinct molecular processes, U-appendage and base deamination. But what are the enzymes that perform these reactions? As a working hypothesis, we postulate that the machinery that carries out U-appendage editing in diplonemids includes components known from the editosome of trypanosome mitochondria (for a review see 81) . Similarly, the enzymes for deamination RNA editing in diplonemid mitochondria might resemble either ADATs catalyzing A-to-I editing of tRNAs (9), ADARs and Apobecs responsible for A-to-I and C-to-U RNA editing of mRNAs and regulatory RNAs in the metazoan nucleus (22) , or PPR-E and PPR-DYW proteins required for C/U-exchange editing in land plant organelles (21) .
The latter scenario is quite plausible, because of the finding of plant-like mitochondrial RNA editing in heteroloboseans, a group that shares a common most recent ancestor with Euglenozoa (euglenids + diplonemids + kinetoplastids). Specifically, mitochondrial mRNAs of Naegleria and Acrasia undergo several C-to-U editing events and the corresponding nuclear genomes encode homologs of the PPR-DYW protein family involved in organelle RNA editing of plants (14, 15) .
A glance at the first draft of the nuclear genome sequence from D. papillatum identified genes that specify protein domains characteristic for TUTases, PPRs and deaminases. However, it is currently unclear whether the inferred proteins are indeed involved in mitochondrial RNA editing, or rather in basic cellular processes such as RNA turnover, RNA end processing and nucleotide metabolism.
Finally, given the unique features of RNA editing in diplonemid mitochondria, the underlying molecular mechanisms might be entirely novel and may have evolved from unexpected molecular processes. It would not be the first time that the study of protists leads to the first discovery of novel molecular mechanisms that had remained unrecognized in model systems. Table S6 .
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